While spermatozoa undergo epididymal maturation, they remain quiescent thanks to the establishment of a low luminal pH. This study is aimed at determining how epithelial cells lining the epididymal lumen work together to maintain and regulate this acidic milieu. In particular, we examined the relative contribution of clear cells (CCs) and principal cells (PCs) to this process. Functional analysis in the mouse cauda epididymidis (Cd) perfused in vivo showed that the pH of a control solution remained constant at pH 6.6 after perfusion through the Cd lumen. In contrast, the pH of both an acidic (pH 5.8) and alkaline (pH 7.8) perfusate was progressively restored toward the control acidic pH. Pharmacological studies indicated the contribution of cystic fibrosis transmembrane regulator, previously shown to be present in the apical membrane of PCs, to the recovery from an acidic pH of 5.8. In addition, we found that CCs and PCs equally contribute to the recovery from an alkaline of 7.8, via the H + pumping vacuolar ATPase (V-ATPase) located in CCs, and the Na + /H + exchanger type 3 (NHE3) located in PCs. Immunofluorescence labeling showed apical membrane accumulation of the V-ATPase in CCs at pH 7.8, and its internalization at pH 5.8 compared to pH 6.6. Immunofluorescence showed expression of NHE3, but absence of NHE2, in PCs located in the Cd. RT-PCR and western blotting showed expression of NHE3 in all epididymal regions. Luminal 8-(4-chlorophenylthio)adenosine 3 ,5 -cyclic monophosphate (cpt-cAMP) partially inhibited luminal pH recovery from pH 7.8. However, cpt-cAMP induced an increase in V-ATPase apical membrane accumulation at this pH. Cell fractionation studies showed the apical accumulation of NHE3 from intracellular vesicles at pH 7.8 versus 6.6, and prevention of this effect by cpt-cAMP. These results indicate the participation of both CCs and PCs in the regulation of luminal pH in the epididymis. Our study also shows the dual role of PCs in HCO 3 − and H + secretion, and that this switch from base to acid secretion depends on the luminal environment. Characterization of the respective roles of CCs and PCs in the regulation of the optimal luminal condition for epididymal sperm maturation should provide new frameworks for the evaluation and treatment of male infertility. 
Introduction
Spermatozoa acquire their fertilizing ability during their transit through the epididymis, a small organ that connects the testis to the vas deferens [1] [2] [3] [4] . This process is called epididymal maturation. In the epididymal lumen, an acidic luminal pH and low bicarbonate concentration keep spermatozoa in a quiescent state that prevents premature activation [5] [6] [7] [8] [9] [10] . The epididymal epithelium consists of different cell types including principal, narrow, clear, and basal cells that work together to establish an optimal environment. Narrow cells in the initial segment and clear cells (CCs) in the caput, corpus, cauda (Cd), and vas deferens secrete protons via the proton-pumping vacuolar (V-ATPase) located in their apical membrane [3, 5, [11] [12] [13] . The V-ATPase is a major contributor to luminal acidification in several organs, including the kidney, airway, and osteoclast, in addition to the epididymis [14] [15] [16] [17] [18] [19] . In renal intercalated cells and epididymal CCs, V-ATPase-dependent proton secretion is regulated by V-ATPase recycling between subapical vesicles and the apical membrane [20] [21] [22] [23] [24] [25] [26] . Accumulation of the V-ATPase in the apical membrane induces an increase in proton secretion, and is accompanied by the formation and elongation of apical membrane microplicae (originally called microvilli) [8, [27] [28] [29] . We have shown that an analog of cyclic adenosine monophosphate (cAMP) induces the accumulation of the V-ATPase in the apical membrane via activation of the PKA pathway [30] . In addition, we demonstrated that bicarbonate-sensitive soluble adenylyl cyclase (sAC), which is enriched in CCs, participates in the elongation of V-ATPase-labeled microplicae induced by luminal bicarbonate [25] .
The specific role of principal cells (PCs) depends on their location along the epididymis [31] . While PCs located in the initial segments of the epididymis reabsorb bicarbonate, in the Cd, they have the ability to secrete bicarbonate via the cystic fibrosis transmembrane regulator (CFTR). CFTR-mediated bicarbonate secretion is stimulated upon activation with circulating agonists [32] [33] [34] [35] . In addition, a previous study showed that in the rat Cd, luminal acidification depends on the presence of sodium in the lumen [36] , indicating the contribution of a sodium/hydrogen exchanger (NHE) to proton secretion. NHEs regulate environmental pH through the electroneutral exchange of extracellular Na + for intracellular H + across the plasma membrane. NHE2 and NHE3 are expressed in the apical membrane of epithelial cells in the intestine [37] , kidney [38, 39] , and the rat epididymis [40, 41] . We previously showed that in the rat, NHE3 is expressed in nonciliated cells of the efferent ducts, and in PCs of some epididymal segments, but is absent from the proximal initial segment, the distal Cd, and the vas deferens [40] . This study is aimed at characterizing the relative contribution of CCs and PCs via the V-ATPase, NHEs, and CFTR to the regulation of luminal pH in the mouse epididymis.
Materials and methods

Animals
Adult C57BL/CBAF1 male mice were purchased from Jackson Laboratories, Bar Harbor, ME, USA. All procedures described were reviewed and approved by the Massachusetts General Hospital (MGH) Subcommittee on Research Animal Care and were performed in accordance with the National Institutes of Health Guide for the Care AND Use of Laboratory Animals. All experiments were performed on at least four mice for each group.
Chemicals and reagents
Membrane permeable cAMP analogs 8-(4-chlorophenylthio) adenosine 3 ,5 -cyclic monophosphate sodium salt (cpt-cAMP), CFTR inhibitor CFTR inh172 , V-ATPase inhibitor concanamycin A (ConA), and 5-(N-Ethyl-N-isopropyl)amiloride (EIPA) were obtained from Sigma-Aldrich, St. Louis, MO, USA.
In vivo microperfusion of the mouse Cd and determination of luminal pH
Mice were anesthetized via an intraperitoneal injection with Nembutal (60 mg/kg body). The Cd was perfused in vivo through the lumen, as we have described previously [24, 42, 43] . Briefly, the distal epididymis was exposed by an abdominal incision under a dissecting microscope and the vas deferens was cannulated using a micro cannula (0.61 mm O. D., 0.28 mm I. D., Warner Instruments, Hamden, CT, USA). The Cd was perfused by inserting a small catheter into the lumen of the proximal cauda tubule. The perfusion rate was 0.25 ml/h, using a syringe pump (model 341B, Fisher, Waltham, MA, USA). The lumen was perfused with a low-buffered solution (2 mM phosphate) adjusted to pH 5.8 (acidic versus control), pH 6.6 (control), and pH 7.8 (alkaline versus control), in the presence or absence of agonists and/or inhibitors for 20 min, as described in the "Results" section. The perfusate was collected via an incision made at the epididymal/vas deferens junction, and its pH was measured immediately every 10 min using a mini pH electrode (Microelectrodes Inc. model MI-4152) connected to a LAQUAtwin Compact pH Meter (B-712, Horiba Scientific) or using pH microfine paper strips (range pH 5.5 to pH 8.0, 0.2 increment, Hydrion, Baltimore, MD, USA).
We conducted a preliminary analysis and found no statistical difference between results obtained with the two methods, and we then combined results within a given experimental group. At the end of the experimental period, a fixative containing 4% paraformaldehyde in phosphate buffer saline (PBS) was perfused through the lumen for 20 min. The Cd was harvested and further fixed by immersion in the same fixative overnight at 4
• C, as we have previously described.
Tissues were then washed in PBS and cryoprotected in PBS containing 30% sucrose and 0.02% sodium azide overnight at 4
• C. Tissues were embedded in Tissue-Tek OCT compound (Sakura Fintek, Torrance, CA, USA), and mounted and frozen on a cutting block. Tissues were cut in a microtome (Leica CM3050-S) at 5 or 10 μm thickness and picked up onto Fisher Superfrost/ Plus microscope slides (Fisher Scientific). Sections were kept refrigerated until use.
Immunofluorescence labeling
Double-immunofluorescence labeling for the B1 subunit of the VATPase (ATP6V1B1), specific for CCs, and clathrin, a subapical marker of CCs and PCs, was performed on cryosections, as previously described [12, 24, 42] . Sections were hydrated in PBS for 15 min and incubated in PBS containing 1% SDS (v/v) for 4 min. For NHE2 and NHE3 immunofluorescence labeling, hydration in PBS was followed by an antigen retrieval step using 0.2 M NaOH for 5 min. Sections were washed three times with PBS and blocked with 1% bovine serum albumin in PBS for 30 min at room temperature. Primary antibodies used were affinity-purified chicken polyclonal antibody against the V-ATPase B1 subunit (56 kDa) made and purified in our laboratory [44, 45] , affinity-purified rabbit polyclonal antibody against the heavy chain of clathrin (180 kDa; Abcam, Cambridge, MA, USA), affinity-purified rabbit polyclonal antibody against NHE2 (BosterBio, Pleasanton, CA, USA), and affinity-purified rabbit polyclonal antibody against NHE3 (Abnova, Taoyuan City, Taiwan). All primary antibodies were diluted in DAKO medium (DAKO, Glostrup, Denmark). Affinitypurified Donkey Alexa 488-conjugated anti-chicken IgY, Donkey alexa 488-conjugated anti-rabbit IgG, and Donkey cy3-conjugated anti-rabbit IgG were used following the manufacturer's protocol (Jackson ImmunoResearch Laboratories, Grove, PA, USA). Slides were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA), and were examined using a Bio-Rad Radiance 2000 confocal microscope (version 4.1, Zeiss Laboratories).
Quantification of vacuolar ATPase apical membrane accumulation
The level of accumulation of V-ATPase in microplicae (previously known as microvilli) was quantified in CCs double labeled for the V-ATPase and clathrin, as we have previously described [24, 42, 46] . The area occupied by V-ATPase-positive microplicae was quantified and normalized for the width of the cell measured along the apical border [25] . The base of the microplicae was identified using the clathrin-labeling pattern, which labels the apical border of the cell.
Cell fractionation and western blotting
Perfused cauda were homogenized in ice-cold buffer containing 300 mM sucrose, 1 mM EDTA, 20 mM Tris-HCl pH 7.4, and complete protease inhibitors (Roche Applied Science, Indianapolis, IN). Cell fractionation was performed using a well-characterized sequential centrifugation procedure (modified from [47, 48] ). Briefly, samples were first spun at 4,000 g at 4
• C for 10 min, and supernatants were then centrifuged at 17,000 g at 4
• C for 30 min. The 17,000 g pellets are enriched in plasma membrane. Supernatants were centrifuged for the third time at 100,000 g at 4
• C for 1 h. The 100,000 g pellets are enriched in intracellular vesicles. Both pellets were resuspended in RIPA buffer. Western blotting (WB) for the transmembrane protein aquaporin 9, which is located in the apical membrane of PCs [49] , showed enrichment of plasma membrane in the 17,000 g pellet and absence in the vesicle fraction. In addition, the lysosomal associated membrane protein 2 (Lamp2) was enriched in the vesicle fraction and absent from the plasma membrane fraction, while the recycling vesicle protein Rab11 was present in both the vesicle and plasma membrane factions, confirming the validity of this cell fractionation procedure (Supplemental Figure) . For electrophoresis, the pellets were incubated at 70
• C for 10 min in a reducing sample buffer containing lithium dodecyl sulfate and DTT (NuPAGE, Invitrogen). Electrophoresis was performed using 4-12% Bis-Tris precast gels with MES/SDS running buffer (Nu-PAGE, Invitrogen), and proteins were transferred to PVDF membrane (Bio-Rad, Hercules, CA, USA). Overnight incubation was performed at 4
• C with rabbit anti-NHE3 antibody (Santa Cruz, Santa Cruz, CA, USA, sc-16103-R, 1:1,000 dilution) followed by HRP-conjugated goat anti-rabbit secondary antibody at a dilution of 1:5,000 for 1 h at room temperature. Proteins were detected using Western Lighting Western Blot Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Boston, MA, USA).
RNA extraction, reverse transcription and PCR
RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA) and genomic DNA contamination was degraded with RNase-free DNase set (Qiagen). RNA isolation, cDNA synthesis and PCR were performed as described previously [50] . PCR products were resolved on 1% agarose gels. The sequences of the NHE3 primers were CTTCTTCTACCTGCTGC (forward) and CAAG-GACAGCATCTCGG (reverse).
Statistical analysis
The numeric data were analyzed using GraphPad Prism (Version 7; GraphPad Software Inc.). For microplicae length and luminal pH measurements, data were analyzed using one-way ANOVA followed by a Tukey post hoc test, or two-way ANOVA followed by Bonferroni post hoc test (when indicated). A value of P < 0.05 was considered significant. Data were expressed as the means ± SEM. For each set of data, at least three epididymides from different animals were perfused for each condition.
Results
Re-establishment of luminal pH from an acidic or alkaline pH
The mouse Cd epididymis was luminally perfused with a lowbuffered solution (2 mM phosphate) adjusted to pH 5.8 (acidic versus control), pH 6.6 (control), or pH 7.8 (alkaline versus control). While the pH of the control solution remained constant at 6.6 after perfusion through the Cd lumen, the pH of the acidic and alkaline perfusates was progressively restored toward the resting pH of 6.6 ( Figure 1A ). On average, the pH of the acidic solution changed from 5.8 to 6.02 ± 0.02 after 10 min (P < 0.01 versus control) and 6.34 ± 0.10 after 20 min (n.s. versus control; n = 4), and the pH of the alkaline perfusate rapidly decreased from 7.8 to 7.12 ± 0.10 after 10 min (P < 0.001 versus control), and remained constant at 7.13 ± 0.11 after 20 min (P < 0.001 versus control; n = 8). In the epididymis perfused at the control pH of 6.6, CCs had a "resting" appearance with a few and short V-ATPase-labeled microplicae ( Figure 1B) , while "activated" CCs with numerous and long V-ATPase-labeled microplicae were seen after perfusion at pH 7.8 ( Figure 1C) . A reduction of the length and number of V-ATPaselabeled microplicae was observed when the Cd was perfused at the acidic pH of 5.8 for 20 min ( Figure 1D ). Quantitative analysis revealed a significant increase in the length of microplicae from 1.08 ± 0.05 μm at pH 6.6 to 1.99 ± 0.06 μm after perfusion at pH 7.8, and a significant decrease to 0.44 ± 0.03 μm after perfusion at pH 5.8 ( * * * P < 0.0001 versus pH 6.6, Figure 1E ).
Cystic fibrosis transmembrane regulator participates in the recovery from an acidic luminal pH
We then studied whether CFTR-mediated bicarbonate secretion by PCs could contribute to the re-establishment of luminal pH from an acidic pH. To do so, the epididymis was perfused at the pH of 5.5 with or without the CFTR inhibitor CFTR inh172 (10 μM) [43, 49, 50] . As shown in Figure 2 , on average, under control condition, the pH of the acidic solution changed from 5.8 to 6.11 ± 0.05 after 10 min and 6.35 ± 0.06 after 20 min (n = 7). In the presence of CFTR inh172 , the pH was 6.03 ± 0.01 (n.s. versus control) after 10 min, and 6.01 ± 0.02 after 20 min (P < 0.001 versus control; n = 9). This result indicates the contribution of bicarbonate secretion via CFTR to the recovery of an acidic pH toward its control value. The absence of effect of CFTR inh172 at the 10 min time point indicates the potential participation of another base transporter that would partially contribute to the luminal pH recovery.
Relative contribution of clear cells and principal cells to luminal pH recovery from an alkaline pH
As shown in Figure 3A , when added separately both the V-ATPase inhibitor concanamycin A (ConA) and the Na + /H + exchanger (NHE) inhibitor EIPA (100 μM) partially inhibited recovery in the Cd epididymis perfused at the alkaline pH of 7.8, compared to the pH value observed without inhibitors (Ctl: 6.99 ± 0.04 after 20 min, n = 11). The final pH values observed in the presence of EIPA after 20 min were 7.35 ± 0.07 (n = 4; P < 0.0001 versus Ctl), and 7.28 ± 0.06 in the presence of ConA (n = 4; P < 0.001 versus Ctl). A stronger inhibition was observed when ConA and EIPA were applied together (final pH value observed after 20 min was 7.67 ± 0.09 (n = 3; P < 0.0001 versus Ctl). Neither ConA ( Figure 3C ) nor EIPA ( Figure 3D ), when applied separately or together ( Figure 3E ), had an effect on the accumulation of V-ATPase in apical microplicae in CCs versus control ( Figure 3B ). These results indicate that both V-ATPase-dependent proton secretion by CCs and NHE-dependent proton secretion by PCs participate in the recovery from an alkaline pH toward resting acidic pH.
Expression of NHE2 and NHE3 in the mouse epididymis
Here, we assessed expression of NHE2 and NHE3 in mice with the mixed background, C57BL/CBAF1. Immunofluorescence labeling showed strong expression of NHE3 in the Cd epididymidis ( Figure 4A ), as we previously described in another mouse strain [51] . Double labeling for the V-ATPase and NHE3 indicated that NHE3 is expressed in the apical membrane in PCs (green) and is absent from CCs (red). In contrast, no NHE2 labeling was detected in this region ( Figure 4B ). Expression of NHE3 in the initial segment (IS), caput, and Cd was shown by RT-PCR ( Figure 4C ) and WB ( Figure 4E ). Kidney and testis were used as positive samples. Enrichment of NHE3 was observed in a plasma membrane preparation compared to cytosol by WB, consistent with its location in the apical membrane of PCs.
Cyclic adenosine monophosphate induces the internalization of NHE3
We have previously shown that luminal alkaline pH and cAMP stimulate V-ATPase apical membrane accumulation [25, 26, 30] . We tested here the role of these factors in the regulation of the overall luminal pH by CCs and PCs. The Cd was perfused with a solution adjusted to the alkaline pH of 7.8 containing the cAMP permeant nonhydrolyzable analog, cpt-cAMP (1 mM). As shown in Figure 5A , cpt-cAMP partially inhibited luminal pH recovery to reach 7.39 ± 0.02 (cpt-cAMP) versus 7.12 ± 0.10 (control) after 10 min (P < 0.0001 versus control), and 7.41 ± 0.02 (cpt-cAMP) versus 7.13 ± 0.11 (control) after 20 min (P < 0.0001 versus control). This was observed despite the further accumulation of V-ATPase in apical microplicae in CCs induced by cpt-cAMP at this alkaline pH ( Figure 5B and C). Inmunofluorescence quantification showed an increase in the length of V-ATPase-labeled microplicae from 1.93 ± 0.05 μm without cpt-cAMP to 2.34 ± 0.16 μm in the presence of 1 mM cpt-cAMP ( Figure 5D , P < 0.05). Taking into account that NHE3 is regulated via recycling between intracellular vesicles and the apical membrane in several tissues [52, 53] , we tested here whether this mechanism is also regulating the subcellular localization of NHE3 in the epididymis. To do so, we performed cell fractionation studies (plasma membrane and vesicle fractions) [54] after perfusion of the cauda region at the resting pH of 6.6 and the alkaline pH of 7.8. As shown in Figure 6A , luminal alkaline pH increased the amount of NHE3 located in the plasma membrane versus intracellular vesicles, compared to pH 6.6. Perfusion at pH 7.8 in the presence of cpt-cAMP prevented the alkalineinduced NHE3 apical membrane accumulation ( Figure 6B ). This result shows that similarly to other epithelia, NHE3 is regulated by vesicle recycling, and that cAMP induces NHE3 endocytosis in the epididymis.
Discussion
In this study, we characterized the respective roles of CCs and PCs in the regulation of the acidic resting luminal pH that is essential for sperm maturation and storage in the cauda epididymis. To do so, we developed a new procedure to monitor in real-time luminal pH in the mouse cauda epididymis perfused in vivo using a miniature electrode. We found that it is virtually impossible to perfuse the small lumen of the more proximal epididymal segments, and this study is, therefore, restricted to the distal cauda region. We observed a fast luminal pH recovery that occurs within 20 min from either an acidic pH of 5.8 or an alkaline pH of 7.8 toward the resting pH of 6.6. We found that the CFTR inhibitor CFTR inh172 partially inhibited recovery from the acidic pH of 5.8, indicating the participation of CFTR-dependent bicarbonate secretion by PCs in this process. In addition, we observed high expression of NHE3 in the apical membrane of PCs in the cauda region of the mouse epididymis. V-ATPase-dependent proton secretion by CCs and NHE3-dependent proton secretion by PCs both participated in the recovery from an alkaline pH. Surprisingly, cAMP partially inhibited luminal pH recovery from an alkaline pH. This was observed despite the known stimulatory effect of cAMP on V-ATPase apical membrane insertion in CCs (this study and [25, 26, 30] ). Cell fractionation studies showed that while luminal alkaline pH induced the apical plasma membrane redistribution of NHE3 from intracellular vesicle, addition of the permeant analog of cAMP cpt-cAMP at alkaline pH induced the internalization of NHE3, in agreement with its known inhibitory action in other acid/base transporting epithelia [52, 53, 55] . This result is also compatible with the previously described inhibition of fluid reabsorption by cAMP in the efferent duct [56] , a process that depends on NHE3 located in nonciliated cells [40, 57] . This study, therefore, shows the participation of both CCs and PCs in acid/base transport, and the complex role of cAMP in the regulation of luminal pH in the epididymis.
Dual role of principal cells in bicarbonate and proton secretion
The novel dual role of PCs in bicarbonate and proton secretion that we show here in the epididymis is similar to what has been reported in epithelial cells from the pancreatic duct, which secrete HCO 3 − when activated, but secrete H + under resting conditions [58] . We showed that like the pancreas, epididymal CFTR is involved in bicarbonate secretion, and NHE3 mediates proton secretion by PCs to regulate/ maintain luminal pH. We and others have previously shown that CFTR is expressed in the apical membrane of PCs [43, 50, 59] , and our results are in agreement with previous studies showing the role of CFTR in chloride and bicarbonate secretion in primary cultures of rat cauda epithelial cells [32] [33] [34] [35] , and in the porcine vas deferens perfused in vivo [60] . In addition, we observed an inhibition of proton secretion by EIPA, indicating the participation of an NHE in the recovery from an alkaline luminal pH. Previous studies reported that NHE2 and NHE3 are both expressed in the rat epididymis, where they show various patterns of expression in different epididymal regions [40, 41] . In addition, we showed expression of NHE2 and NHE3 in mice with a different background [51] . In another study, NHE3 expression was described in the initial segment of the mouse epididymis [61] . Our data showed that NHE3, but not NHE2, is present in the apical membrane of PCs in the mouse cauda epididymidis, in agreement with a previous report [51] . This reveals that the pattern of NHE3 expression is different in the mouse and rat epididymis, since we have previously shown that NHE3 is absent from the rat distal cauda epididymidis [40] . The observed inhibition of NHE-dependent proton secretion by cAMP that we observed here is compatible with the previously reported inhibition of NHE3 in other epithelia, including the pancreas, kidney, and intestine, while NHE2 is activated by cAMP [52, 55] . We showed here that the inhibition of NHE3 by cAMP occurs by reducing the number of exchangers inserted into the plasma membrane, probably due to an increase in endocytosis. Such an internalization process was also observed in other epithelia [52, 53] .
Proton secretion: the dual role of principal cells and clear cells
Our pharmacological studies using inhibitors specific for the V-ATPase in CCs (ConA) and for Na-H/exchanger in PCs (EIPA) indicate that proton secretion from each cell type equally contributes to luminal pH recovery from an alkaline load. An almost complete inhibition of pH recovery was observed when both inhibitors were applied together, indicating that these transporters are the main proton secretion players in the epididymis. Interestingly, CCs showed an "activated" appearance with numerous and long V-ATPase-labeled microplicae in the presence of these inhibitors, indicating that they did not interfere with the recruitment of V-ATPase from intracellular vesicles to the apical membrane induced by the luminal alkaline pH. Vacuolar ATPase recruitment in the presence of EIPA contributed to the partial restoration of the luminal pH toward a more acidic value. The apparent "activation" of CCs in the presence of ConA is compatible with its mode of action onto the V-ATPase itself. Indeed ConA blocks the pump directly [62] and does not appear to interfere with its trafficking. Thus, despite an apparent "activation" of CCs, these cells could no longer pump protons because ConA has inhibited the V-ATPase. In addition, the permeant analog of cAMP, cpt-cAMP, induced an overall inhibition of luminal pH recovery from an alkaline pH. This was a surprising result since we had previously shown that cAMP induces V-ATPase apical accumulation in CCs in the rat epididymis [30] . This result could be explained by either an inhibition of NHE3-mediated proton secretion or activation of CFTR-mediated bicarbonate secretion by cAMP. The respective response of CCs and PCs to cAMP under physiological conditions might depend on the origin of the extracellular stimulus that ultimately increases this second messenger within the cell. We previously showed that CCs respond to luminal factors, such as an alkalinization or an increase in bicarbonate concentration [25, 26, 30] . Bicarbonate secretion by PCs increases following activation by circulating agonists [32] [33] [34] [35] . This would lead to an increase in bicarbonate concentration in the lumen, which was proposed to "prime" spermatozoa before ejaculation [32] . Sperm, however, will not undergo full activation because of the unique epididymal luminal environment, which contains inhibitory factors, and low levels of Na + and K + that contribute to reducing the sperm transmembrane potential [63, 64] . In addition, sperm activation requires several factors absent in the epididymis, but present in male accessory glands and the female reproductive tract [65, 66] . Nevertheless, prolonged elevation of bicarbonate and associated luminal alkalinization might be detrimental to sperm by inducing a sustained stimulation of intracellular signaling pathways during their storage. Our previous studies indicated the participation of CCs in the re-acidification of the luminal environment. We showed that the bicarbonate-activated adenylyl cyclase (sAC), which is enriched in CCs, participates in the luminal alkaline-and bicarbonateinduced activation of proton secretion by the V-ATPase in these cells [25, 30] . The cAMP/PKA pathway then triggers the apical V-ATPase recruitment to activate proton secretion in CCs, which contributes to restoring luminal pH toward its control value of 6.6. Previous studies showed that CFTR is activated by cAMP [59, 67] . Thus, our results show that an increase in cAMP in PCs would have the dual effect of inhibiting NHE3, in addition to activating CFTR. Upon return to resting conditions, cAMP would return back to baseline values in PCs, followed by re-activation of NHE3 and reduction of CFTR activity. Thus, according to this model an increase in intracellular cAMP would occur in CCs following activation by luminal bicarbonate, while it would occur in PCs upon activation by basolateral agonists. This study also shows for the first time that, in addition to CCs, PCs can also respond to luminal alkalization. They do so by increasing NHE3 expression at the apical membrane. Soluble adenylyl cyclase is not enriched in PCs indicating that these cells lack this bicarbonate/pH sensor, and future studies will be required to determine the pH sensor responsible for their response to luminal alkalization.
In summary, our study shows that both CCs and PCs contribute to the regulation of luminal pH in the mouse cauda epididymidis. The pharmacological approach used in this study provides evidence of the role of the V-ATPase in CCs and NHE in PCs in proton secretion, as well as CFTR in bicarbonate secretion in PCs. To directly demonstrate the participation of CFTR to bicarbonate secretion will require the measurement of bicarbonate concentration in the epididymal luminal perfusate, which is extremely challenging considering its very small volume. By studying how epithelial cells lining the epididymal duct maintain and regulate this important function, we wish to provide new frameworks for the evaluation and treatment of male infertility, as well as for the control of male fertility. Our goal is to improve the quality of life of infertile men, as well as to provide more options to those who wish to participate in family planning.
Supplementary data
Supplementary data are available at BIOLRE online.
https://academic.oup.com/biolreprod Supplementary Figure. Western blot validating the cell fractionation procedure used in this study: The principal cell apical membrane protein aquaporin 9 (AQP9; 35 and ∼52 kD glycosylated molecular weight) is enriched in the plasma membrane fraction (MEM; 17,000 g pellet) and is absent from the vesicle fraction (VES; 100,000 g pellet). In addition, the lysosomal associated membrane protein 2 (Lamp2) is enriched in the vesicle fraction and is absent from the plasma membrane fraction, while the recycling vesicle protein Rab11 is present in both vesicle and plasma membrane factions. INPUT: equivalent volume from the total cell homogenate prior centrifugation was loaded as input. 8. An increase in the amount of NHE3 located in the plasma membrane versus intracellular vesicles.
* P < 0.05 versus pH 6.6. (B) Perfusion at pH 7.8 in the presence of cpt-cAMP reduced the ratio of NHE3 present in plasma membrane versus vesicles compared to pH 7.8 alone. * P < 0.05 versus pH 7.8 alone.
